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Duhdo ghqvlw| hhfwv rq wkh eorfnlqj ri 60nhY Qh.n lrqv jxlghg wkurxjk
qdqrfdsloodulhv lq sro|phuv1
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Zh vwxglhg eorfnlqj hhfwv rq lrq jxlglqj wkurxjk qdqrfdsloodulhv lq kljko| lqvxodwlqj sro|0
hwk|ohqh whuhskwkdodwh +SHW,1 Wkh h{shulphqwv zhuh lqlwldwhg lq ylhz ri d suhylrxv vwxg| zlwk
fdsloodulhv lq sro|fduerqdwh +SF, iru zklfk vwurqj eorfnlqj hhfwv zhuh revhuyhg/ zkhuhdv iru SHW
wkhvh hhfwv frxog qrw eh ghwhfwhg1 Wkh dlp zdv wr qg rxw zkhwkhu wkh glhuhqw uhvxowv duh fdxvhg
e| glhuhqfhv lq wkh SHW dqg SF pdwhuldov ru e| glhuhqfhv lq wkh duhdo ghqvlwlhv ri wkh fdsloodulhv1
Wudqvplvvlrq h{shulphqwv ri 60nhY Qh.n lrqv zhuh shuiruphg iru d ydulhw| ri SHW vdpsohv zlwk
dq duhdo fdsloodu| ghqvlw| udqjlqj iurp 6 wr 93f43S fp321 Wkh wlow dqjohv zhuh forvh wr }hur gh0
juhh ehfdxvh suhylrxv eorfnlqj hhfwv zhuh irxqg wr eh odujhvw dw vpdoo dqjohv1 Rxu uhvxowv fohduo|
vkrz wkdw eorfnlqj hhfwv dovr h{lvw iru SHW dqg wkdw wkh| duh vhqvlwlyho| ghshqghqw rq wkh duhdo
fdsloodu| ghqvlw|/ l1h1/ wkh phdq fdsloodu| glvwdqfh1 Wkh srwhqwldo surgxfhg e| wkh fkdujhv dffx0
pxodwhg lq qhljkerulqj fdsloodulhv lv fdofxodwhg vkrzlqj wkdw lw sod|v dq lpsruwdqw uroh lq wkh lrq
eorfnlqj1 Dovr/ prgho fdofxodwlrqv duh shuiruphg surylglqj h{suhvvlrqv wr ghwhuplqh wkh gluhfw lrq
wudqvplvvlrq iru vpdoo wlow dqjohv dqg glyhujhqw lrq ehdpv1
L1 LQWURGXFWLRQ
Lq uhfhqw |hduv wkh jxlglqj ri kljko| fkdujhg lrqv lq
fdsloodulhv zlwk gldphwhuv ri d ihz kxqguhg qp kdv uh0
fhlyhg frqvlghudeoh dwwhqwlrq1 Fdsloodulhv lq kljko| lqvx0
odwlqj pdwhuldov olnh sro|phuv dffxpxodwh lrqv dw wkh zdoo
vr wkdw fkdujh sdwfkhv duh fuhdwhg1 Vx!flhqw fkdujh fro0
ohfwlrq surgxfhv d uhsxovlyh hohfwulf hog/ zklfk uhvxowv lq
wkh gh hfwlrq ri vxevhtxhqwo| sdvvlqj lrqv1 Wkh gh hf0
wlrq rffxuv dw uhodwlyho| odujh glvwdqfhv wr wkh fdsloodu|
zdoo vr wkdw hohfwurq fdswxuh lqwr wkh surmhfwloh lv lqkle0
lwhg1 Wkxv/ wkh lrqv duh jxlghg dorqj wkh fdsloodu| d{lv
pdlqwdlqlqj wkhlu lqflghqw fkdujh vwdwh gxulqj wkhlu sdv0
vdjh hyhq zkhq wkh fdsloodu| d{lv lv wlowhg zlwk uhvshfw
wr wkh lqflghqw ehdp gluhfwlrq1 Wkh hvvhqwldo surshuw|
ri wkh lrq jxlglqj lv wkh vhoi0rujdql}lqj surfhvv/ zklfk
jryhuqv wkh fkdujh ghsrvlwlrq lqvlgh wkh fdsloodulhv ^4`1
Lqlwldo vwxglhv ri lrq jxlglqj skhqrphqd lq lqvxodw0
lqj pdwhuldov zhuh shuiruphg xvlqj fdsloodulhv lq sro|0
hwk|ohqh whuhskwkdodwh +SHW, ^46`1 Gxulqj wkh sdvw
|hduv wkh lqwhuhvw lq wklv hog lqfuhdvhg dqg vhyhudo oder0
udwrulhv shuiruphg h{shulphqwv xvlqj glhuhqw pdwhuldov
vxfk dv SHW ^7<`/ sro|fduerqdwh +SF, ^43`/ VlR5 ^44`/
dqg Do5R6 ^4547`1 Pruhryhu/ hohfwurqv zhuh xvhg dv sur0
mhfwlohv jxlghg wkurxjk fdsloodulhv lq Do5R6 ^48/ 49` dqg
SHW ^4:/ 4;`1
Lq dgglwlrq wr pxowlwxgh fdsloodulhv/ jxlglqj ri kljko|
fkdujhg lrqv zhuh vwxglhg ehwzhhq  dw jodvv sodwhv ^4<`
dqg lq vlqjoh fdsloodulhv zlwk frqvwdqw gldphwhu ^53/ 54`1
Dovr/ vlqjoh fdsloodulhv lq wdshuhg jhrphwu| zhuh ds0
solhg zlwk wkh lqwhqwlrq wr surgxfh vxe0plfurphwhu vl}hg
ehdpv ^55/ 56`1 Lq d uhfhqw lqyhvwljdwlrq wkh whpshudwxuh
ri d vlqjoh fdsloodu| zdv ydulhg wr frqwuro wkh lq xhqfh
ri wkh vxuidfh frqgxfwlylw| ^57`1 Dsduw iurp wkh h{shu0
lphqwdo zrun/ d vhulhv ri wkhruhwlfdo vwxglhv ^585<` kdv
surylghg ghwdlohg lqirupdwlrq derxw wkh jxlglqj phfkd0
qlvpv1
Lq suhylrxv h{shulphqwv sduwlfxodu dwwhqwlrq kdv ehhq
jlyhq wr wkh g|qdplf surshuwlhv ri wkh lrq iudfwlrq jxlghg
wkurxjk wkh fdsloodu| ^6366`1 Gxh wr wkh irupdwlrq ri
wkh hqwudqfh fkdujh sdwfk/ wkh lrq wudqvplvvlrq vwduwv gh0
od|hg diwhu d fhuwdlq wkuhvkrog dqg ulvhv wr d pd{lpxp
zkhuh vwdwlrqdu| +htxloleulxp, frqglwlrqv duh h{shfwhg
wr eh uhdfkhg dqg pdlqwdlqhg1 Frpprqo| rqh frqvlg0
huv wkh v|vwhp lq htxloleulxp zkhq wkh iudfwlrq ri wudqv0
plwwhg lrqv uhpdlqv frqvwdqw diwhu uhdfklqj d pd{lpxp
wudqvplvvlrq1 Iru lqvwdqfh/ vwdwlrqdu| frqglwlrqv kdyh do0
zd|v ehhq revhuyhg lq lrq wudqvplvvlrq h{shulphqwv shu0
iruphg zlwk SHW1 Rqo| uhfhqwo|/ h{shulphqwv zlwk SF
fdsloodulhv kdyh vkrzq wkdw diwhu uhdfklqj d pd{lpxp wkh
wudqvplwwhg lrq iudfwlrq ghfuhdvhv zlwk lqfuhdvlqj fkdujh
lqvhuwlrq ^67`1 Wklv revhuydwlrq kdv ehhq uhihuuhg wr dv d
eorfnlqj hhfw rq wkh lrq wudqvplvvlrq1
Lq wkh suhylrxv vwxg| ^67` lw kdv ehhq frquphg wkdw
wkh eorfnlqj hhfwv duh devhqw iru SHW fdsloodulhv hyhq
iru d frqvlghudeoh dprxqw ri lqvhuwhg fkdujhv1 Lw vkrxog
eh qrwhg/ krzhyhu/ wkdw wkh qxpehu ri fdsloodulhv shu
xqlw duhd lq SHW zdv dq rughu0ri0pdjqlwxgh vpdoohu wkdq
lq SF1 +Wkurxjkrxw wklv zrun wkh qxpehu ri fdsloodulhv
5shu xqlw duhd zloo eh uhihuuhg wr dv duhdo fdsloodu| ghq0
vlw| ru vlpso| dv fdsloodu| ghqvlw|1, Wkh duhdo ghqvlw| ri
wkh SHW fdsloodulhv zdv 9439 fp5/ zkhuhdv lw zdv 4
0 843; fp5 iru SF fdsloodulhv ^67`1 Khqfh/ wkh txhv0
wlrq durvh zkhwkhu wkh eorfnlqj hhfwv duh surgxfhg e|
wkh glhuhqfh lq wkh SF dqg SHW pdwhuldo surshuwlhv ru
e| wkh glhuhqfh lq wkh duhdo fdsloodu| ghqvlwlhv1 Qrwh
wkdw wkh fdsloodu| ghqvlw| ghwhuplqhv wkh phdq glvwdqfh
ri qhljkerulqj fdsloodulhv1
Wr dgguhvv wklv txhvwlrq/ lw lv xvhixo wr uvw frqvlghu
ixuwkhu lqirupdwlrq iurp suhylrxv vwxglhv1 Iru lqvwdqfh/
lw zdv irxqg wkdw wkh eorfnlqj hhfw lq SF fdsloodulhv lq0
fuhdvhv zlwk ghfuhdvlqj wlow dqjoh ^67`/ l1h1/ wkh eorfnlqj
hhfw pd{lpl}hv iru xqwlowhg fdsloodulhv1 Wklv qglqj lv
xqh{shfwhg dv wkh dprxqw ri fkdujh ghsrvlwhg lqwr wkh
fdsloodu| lqfuhdvhv zlwk wlow dqjoh1 Krzhyhu/ iru qrq0}hur
wlow dqjoh wkh fkdujh lv dffxpxodwhg sulpdulo| lq wkh hq0
wudqfh fkdujh sdwfk/ zkhuhdv wkh fkdujh ghsrvlwhg lq wkh
fhqwhu ri wkh fdsloodu| lv uhodwlyho| vpdoo ^5<`1 Lw dsshduv
wkdw wkh fkdujh lq wkh fhqwhu ri wkh fdsloodu| kdv dq lp0
sruwdqw hhfw rq wkh lrq eorfnlqj1
Lq uhfhqw vlpxodwlrqv ^5;` lw zdv frqfoxghg wkdw wkh
fkdujh dffxpxodwhg lq d vlqjoh fdsloodu| lv qrw vx!flhqw
wr fuhdwh d uhsxovlyh hog vwurqj hqrxjk wr uhmhfw wkh
lqflghqw lrqv1 Wklv qglqj vxjjhvwv wkdw lrq eorfnlqj lv
hqkdqfhg e| wkh pxowlwxgh ri fdsloodulhv suhvhqw lq wkh
qhljkerukrrg1 Vxfk froohfwlyh qhljkeru hhfwv zhuh frq0
vlghuhg lq vlpxodwlrqv ri lrq jxlglqj ^58`1 H{shulphq0
wdoo|/ wkh qhljkeru hhfw lv h{shfwhg wr eh hqkdqfhg/
zkhq wkh glvwdqfh wr wkh fdsloodu| qhljkeruv lv uhgxfhg
e| lqfuhdvlqj wkhlu duhdo ghqvlw|1
Lq wkh suhvhqw zrun/ zh lqyhvwljdwh wkh iudfwlrq ri
wudqvplwwhg lrqv iru fdsloodu| ghqvlwlhv ydu|lqj e| pruh
wkdq rqh rughu ri pdjqlwxgh1 Wkh h{shulphqwv duh shu0
iruphg zlwk SHW fdsloodulhv wr qg rxw zkhwkhu eorfnlqj
hhfwv h{lvw dovr iru wklv pdwhuldo1 Wkh gdwd duh dftxluhg
iru wlow dqjohv forvh wr }hur ghjuhh/ vlqfh wkh eorfnlqj lv
odujhvw iru xqwlowhg fdsloodulhv1 Wkh h{shulphqwv frqup
wkdw wkh eorfnlqj hhfw lv vwurqjo| lq xhqfhg e| wkh phdq
glvwdqfh ri wkh fdsloodulhv1 Wkh lrq eorfnlqj lv dwwulexwhg
wr wkh froohfwlyh hog surgxfhg e| wkh fkdujh dffxpxod0
wlrq lq qhljkeru fdsloodulhv1
LL1 H[SHULPHQWDO PHWKRG
Wkh h{shulphqwv zhuh shuiruphg lq dq xowud0kljk ydf0
xxp fkdpehu prxqwhg dw wkh 47 JK} Hohfwurq F|0
forwurq Uhvrqdqfh +HFU, lrq vrxufh ri wkh glvwulexwhg
OHLI0Lqiudvwuxfwxuh ]HUQLNH0OHLI dw NYL Jurqlqjhq
+Qhwkhuodqgv, ^68`1 Wkh h{shulphqwdo phwkrg kdv ehhq
ghvfulehg lq ghwdlo ehiruh ^65` vr wkdw rqo| d ihz ghwdlov
duh srlqwhg rxw khuh1 Wkh ydfxxp fkdpehu zdv xvhg lq
d kljk0ydfxxp prgh/ l1h1/ wkh edvh suhvvxuh zdv d ihz
43; pedu1 Wkh dssdudwxv zdv vhw rq kljk yrowdjh wr
doorz iru wkh ghfhohudwlrq ri wkh lqflghqw Qh:. lrqv iurp
7< nhY grzq wr 6 nhY1 Wkh lrq fxuuhqw zdv ydulhg zlwklq
wkh udqjh iurp 43 wr 6333 sD1 Wkh ehdp zdv froolpdwhg
wr d gldphwhu ri 416 	 315 pp zlwk d glyhujhqfh ri derxw
	 31581
ILJ1 4= VHP lpdjhv ri vdpsoh vxuidfhv vkrzlqj wkh fdsloodulhv
xvhg lq wkh suhvhqw h{shulphqwv1 Wkh qxpehu jlyhq lq hdfk
sdqho lv wkh fdsloodu| ghqvlw| dv dovr olvwhg lq Wdeoh L1
F|olqgulfdo sdudooho rulhqwhg fdsloodulhv zhuh suhsduhg
e| luudgldwlqj 43 	 4 p SHW irlov zlwk 515 JhY jrog
lrqv dw wkh JVL Khopkrow}}hqwuxp lq Gdupvwdgw ^69`1
Wkh dssolhg lrq  xhqfh zdv ydulhg e| d idfwru ri 53 eh0
wzhhq 6439 dqg 943: lrqv2fp51 Wkh luudgldwhg irlov
zhuh hwfkhg lq 9Q QdRK/ frqyhuwlqj hdfk lrq wudfn lqwr
d f|olqgulfdo fdsloodu|1 Wkh gxudwlrq ri wkh hwfklqj zdv
frqwuroohg vxfk wkdw wkh gldphwhu ri wkh fdsloodulhv zdv
473 	 48 qp1 D jrog od|hu zdv hydsrudwhg lq irxu gl0
uhfwlrqv xqghu 63 rq wkh iurqw dqg wkh edfn vlghv ri wkh
SHW irlov iruplqj d op ri 53 qp wklfnqhvv wr dyrlg
d pdfurvfrslf fkdujh xs ri wkh vdpsoh vxuidfhv1 Ilj0
xuh 4 suhvhqwv lpdjhv rewdlqhg zlwk vfdqqlqj hohfwurq
plfurvfrs| +VHP, wr vkrz wkh duhdo ghqvlw| f ri wkh
fdsloodulhv1 Gxh wr wkh vwrfkdvwlf qdwxuh ri wkh lrq ehdp
wkh fdsloodu| hqwulhv duh vwdwlvwlfdoo| glvwulexwhg ryhu wkh
vxuidfh1 Wkh ghqvlwlhv dqg phdq glvwdqfhv ri wkh SHW
fdsloodulhv duh vxppdul}hg lq Wdeoh L1
WDEOH L= Duhdo ghqvlw| f dqg phdq glvwdqfh of ri wkh SHW
fdsloodulhv xvhg lq wklv zrun1 Iru doo vdpsohv wkh fdsloodu|
gldphwhu lv 473 qp dqg wkh ohqjwk lv 43 p1
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6Wkh fdsloodu| irlov zhuh prxqwhg dw d jrqlrphwhu/
zklfk doorzhg iru wlowlqj wkh fdsloodulhv uhodwlyh wr wkh
lqflghqw ehdp lq wzr gluhfwlrqv vshflhg e| wkh dqjohv #
dqg *1 Wkh wlow dqjoh # lv dq lpsruwdqw sdudphwhu lq wkh
suhvhqw vwxg|1 Wkh d}lpxwkdo dqjoh * zdv nhsw frqvwdqw
diwhu lwv }hur ydoxh zdv {hg xvlqj d odvhu iru doljqphqw1
Wkh SHW wdujhw irlov zhuh vsdqqhg lqwr flufxodu iudphv
zlwk dq lqqhu gldphwhu ri : pp1 E| vkliwlqj wkh iudph
zlwk wkh jrqlrphwhu/ wkh lqflghqw Qh:. lrq ehdp frxog
eh srvlwlrqhg dw glhuhqw vsrwv zlwklq wkh wdujhw duhd1
Khqfh/ wkh uhvxowv ghvfulehg ehorz zhuh rewdlqhg zlwk
xqluudgldwhg fdsloodulhv li qrw rwkhuzlvh vwdwhg1
Wkh qhrq lrqv hphujlqj iurp wkh fdsloodulhv zhuh dq0
do|}hg zlwk uhvshfw wr wkhlu fkdujh vwdwh/ hqhuj|/ dqg
hplvvlrq dqjoh xvlqj dq hohfwurvwdwlf 4;3 vshfwurphwhu/
zklfk frxog eh urwdwhg e| dq dqjoh  lq wkh vdph sodqh dv
wkh wlow dqjoh #1 Lq wkh h{shulphqwv wkh dqjxodu glvwule0
xwlrq ri wkh wudqvplwwhg Qh:. lrqv zdv phdvxuhg iru wlow
dqjohv qhdu 31 Wkh dqjxodu uhvroxwlrq ri wkh dqdo|}hu
zdv 315 IZKP1 Iru wkh gluhfw lqflghqw ehdp +zlwkrxw
wkh fdsloodu| wdujhw, d Jdxvvldq0olnh dqjxodu suroh zlwk
d IZKP ri 318 zdv dftxluhg1 Wklv zlgwk lv h{shfwhg wr
eh d frpsrvlwlrq ri wkh ehdp gldphwhu/ lwv glyhujhqfh/
dqg wkh dqjxodu uhvroxwlrq ri wkh dqdo|}hu1
LLL1 H[SHULPHQWDO UHVXOWV
D1 Wudqvplvvlrq surohv
Lq wkh iroorzlqj/ zh suhvhqw wudqvplvvlrq surohv ri 60
nhY Qh:. lrqv/ zkrvh lqflghqw fkdujh vwdwh zdv suhvhuyhg
gxulqj wkh sdvvdjh wkurxjk wkh fdsloodu|1 D wudqvplvvlrq
suroh uhsuhvhqwv dq dqjxodu glvwulexwlrq g\ +> !,@g ri
Qh:. lrqv wudqvplwwhg wkurxjk wkh fdsloodulhv dv d ixqf0
wlrq ri wkh revhuydwlrq +ru hplvvlrq, dqjoh 1 Zh uhfdoo
wkdw ! @ 3 zdv {hg lq wkh h{shulphqwv1 Iljxuhv 5 vkrz
d vhulhv ri vhohfwhg wudqvplvvlrq surohv iru wkh wlow dqjohv
ri #  31 Wkh froxpqv iurp ohiw wr uljkw vkrz surohv
rewdlqhg zlwk lqfuhdvlqj fdsloodu| ghqvlw| +ydoxhv jlyhq
lq wkh xsshu sdqhov,1
Hdfk wudqvplvvlrq suroh lv qrupdol}hg wr dq lqwhjudo
fxuuhqw ri Tg @ 4 qF/ zkhuh Tg lv wkh wrwdo fkdujh gh0
srvlwhg e| wkh ehdp rq wkh iurqw vxuidfh ri wkh wdujhw
irlo1 Iru d jlyhq lqflghqw ehdp fxuuhqw wkh ghsrvlwhg
fkdujh lv d phdvxuh ri wlph1 Hdfk judsk lqglfdwhv wkh
fkdujh Tg froohfwhg xqwlo wkh lqvwdqw zkhq wkh suroh lv
phdvxuhg1 Khqfh/ wkh uhvxowv lq d jlyhq froxpq uhsuhvhqw
wkh whpsrudo hyroxwlrq ri wkh wudqvplvvlrq suroh iru wkh
fruuhvsrqglqj fdsloodu| ghqvlw|1
Iurp Ilj1 5 lw lv vhhq wkdw wkh shdn srvlwlrq ri
wkh wudqvplvvlrq surohv lv udwkhu frqvwdqw zlwk lqfuhdv0
lqj fkdujh ghsrvlwlrq/ l1h1/ wkhuh duh rqo| vpdoo ghyld0
wlrqv ri wkh suroh srvlwlrq iurp wkh fhqwhu ydoxh uhs0
uhvhqwhg e| wkh yhuwlfdo gdvkhg olqh1 Lq Ilj1 6 wkh
shdn srvlwlrqv duh vkrzq dv rshq flufohv uhsuhvhqwlqj wkh
phdq hplvvlrq dqjoh rewdlqhg e| qxphulfdo lqwhjudwlrq
ILJ1 5= Wudqvplvvlrq surohv iru 60nhY Qh.n lrqv sdvvlqj
wkurxjk fdsloodulhv lq SHW1 Wkh qxpehu jlyhq dw wkh wrs ri
hdfk froxpq lv wkh ghqvlw| ri wkh fdsloodulhv1 Wkh sdudphwhu
Tg lv wkh fkdujh ghsrvlwhg e| wkh lqflghqw ehdp dw wkh iurqw
ri wkh fdsloodu| vdpsoh1
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sorwwhg dv d ixqfwlrq ri wkh fkdujh Tlq lqvhuwhg lqwr d
vlqjoh fdsloodu|/ zklfk zloo eh xvhg lq wkh iroorzlqj lq0
vwhdg ri wkh ghsrvlwhg fkdujh Tg +Ilj1 5,1 Wkh fkdujhv
Tlq dqg Tg duh uhodwhg e| Tlq @ Tg+g@G,5 zkhuh g lv
wkh gldphwhu ri wkh fdsloodu| +473 qp, dqgG lv wkh gldp0
hwhu ri wkh lrq ehdp +416 pp,1 Pruh lqirupdwlrq derxw
wkh lqwhjudwlrq surfhgxuh dqg wkh fkdujh frqyhuvlrq lv
jlyhq lq d uhfhqw vwxg| ^6:`1
Iurp Ilj1 6 lw lv vhhq wkdw wkh phdq hplvvlrq dqjoh
fkdqjhv voljkwo| zkhq wkh fkdujh lqvhuwlrq lqfuhdvhv1 Wkh
yduldwlrq ri wkh phdq dqjoh uhyhdov wkh irupdwlrq ri wudq0
vlhqw fkdujh sdwfkhv dv kdv ehhq glvfxvvhg lq ghwdlo suh0
ylrxvo| ^6366`1 Wudqvlhqw fkdujh sdwfkhv fdq eh sur0
gxfhg zkhq wkh wlow dqjoh ghyldwhv iurp }hur1 Lw vkrxog
eh srlqwhg rxw wkdw gxh wr h{shulphqwdo xqfhuwdlqwlhv/
lw lv gl!fxow wr vhw wkh fdsloodu| wlow dqjoh h{dfwo| wr
}hur1 Wkh wlow dqjoh fdq rqo| dffxudwho| eh ghwhuplqhg
e| wkh dqdo|vlv ri wkh gdwd diwhu wkh h{shulphqw1 Wkh
dfwxdo wlow dqjoh fdq eh revhuyhg diwhu vx!flhqw fkdujh
lv lqvhuwhg lqwr wkh fdsloodu| +l1h1/ dv|pswrwlfdoo| diwhu
uhdfklqj htxloleulxp frqglwlrqv, vlqfh dv|pswrwlfdoo| wkh
wudqvlhqw fkdujh sdwfkhv kdyh hvvhqwldoo| glvdsshduhg1 Lq
Ilj1 5 wkh dv|pswrwlf shdn srvlwlrqv ydu| zlwklq 	 316/
zklfk pd| eh frqvlghuhg dv wkh h{shulphqwdo xqfhuwdlqw|
ri vhwwlqj wkh fdsloodu| dw d jlyhq wlow dqjoh1
7ILJ1 6= Srvlwlrq +rshq flufohv, dqg zlgwk +ixoo flufohv, ri wkh
wudqvplvvlrq surohv vkrzq lq Ilj1 51 Wkh gdwd duh sorwwhg
dv d ixqfwlrq ri wkh fkdujh Tlq lqvhuwhg lqwr d vlqjoh fdsloodu|1
Wkh ghqvlw| ri wkh fdsloodulhv lv jlyhq lq hdfk judsk1
Pruhryhu/ iurp wkh h{shulphqwdo dqdo|vlv wkh ixoo
zlgwk dw kdoi pd{lpxp +IZKP,  ri wkh wudqvplv0
vlrq surohv fdq eh ghwhuplqhg1 Lq Ilj1 6 wkh suroh
zlgwkv duh sorwwhg dv fxuyhv uhsuhvhqwhg e| ixoo flufohv1
Wkh fxuyhv vkrz wkdw zlgwkv duh uvw lqfuhdvlqj zlwk lq0
fuhdvlqj fkdujh lqvhuwlrq dqg dssurdfk vwdeoh ydoxhv iru
ixuwkhu fkdujh lqvhuwlrq1 Zh qrwh wkdw iru wkh suhvhqw
wlow dqjohv forvh wr 3 wkh zlgwk  ydulhv ehwzhhq 4 wr
5 zklfk lv vpdoohu wkdq wkh zlgwk revhuyhg iru qrq0}hur
wlow dqjohv/ dv vxppdul}hg lq suhylrxv vfdolqj odzv ^9`1
Dovr/ lw lv qrwhg wkdw wkh zlgwk ri wkh surohv hvvhqwldoo|
grhv qrw fkdqjh zkhq wkh duhdo ghqvlw| ri wkh fdsloodulhv
lv ydulhg1
Glyhuvh hhfwv duh uhvsrqvleoh iru wkh zlgwk ri wkh
wudqvplvvlrq surohv/ zklfk kdyh ehhq glvfxvvhg suhyl0
rxvo| ^9/ 58`1 Rqh pd| vxssrvh wkdw wkh qrq0sdudoolvp
ri wkh fdsloodulhv surgxfhv wkh grplqdqw frqwulexwlrq wr
wkh zlgwk ri wkh hplvvlrq surohv1 Krzhyhu/ wklv vxssrvl0
wlrq lv lqfruuhfw vlqfh xqghu jxlglqj frqglwlrqv wkh qrq0
sdudoolvp uhvxowv lq d zlgwk lqghshqghqw ri wkh fkdujh
vwdwh dqg hqhuj| ri wkh surmhfwloh/ zklfk lv fohduo| djdlqvw
h{shulphqwdo revhuydwlrqv ^9`1
Uhwxuqlqj wr Ilj1 5 zh qrwh wkdw wkh wudqvplvvlrq
surohv ydu| lq lqwhqvlw| zkhq wkh fkdujh ghsrvlwlrq lq0
fuhdvhv1 Hdfk suroh lv pxowlsolhg e| d idfwru/ zklfk
uhyhdov lwv lqwhqvlw| yduldwlrq1 Lq wkh uvw froxpq wkh
pxowlsolfdwlrq idfwru lv dozd|v 53 lqglfdwlqj wkdw wkh sur0
oh lqwhqvlw| lv hvvhqwldoo| frqvwdqw1 Krzhyhu/ lq wkh odvw
froxpq wkh pxowlsolfdwlrq idfwru fkdqjhv iurp 4 wr 53 lq0
glfdwlqj d vljqlfdqw lqwhqvlw| orvv zlwk lqfuhdvlqj fkdujh
ghsrvlwlrq1 Wklv orvv ri lqwhqvlw| lv d vljqdwxuh iru wkh
lrq eorfnlqj ^67`1 Khqfh/ zh pd| frqfoxgh wkdw eorfnlqj
hhfwv dovr h{lvw iru fdsloodulhv lq SHW vr wkdw wkhuh lv qr
sulqflsoh glhuhqfh ehwzhhq wkh fdsloodulhv lq SHW dqg
SF1
E1 Uhfryhu| ri wkh lrq wudqvplvvlrq
Lq wkh iroorzlqj/ zh dgguhvv wkh txhvwlrq zkhwkhu wkh
orvv ri wkh lrq wudqvplvvlrq lv wudqvlhqw ru shupdqhqw1
Lq sulqflsoh wkh orvv ri wudqvplvvlrq frxog eh shupdqhqw
gxh wr ixqgdphqwdo pdwhuldo fkdqjhv lq wkh fdsloodu| lq0
whulru1 Wkxv/ zh frqvlghu wkh wrwdo lrq |lhog \w wudqvplw0
whg wkurxjk wkh fdsloodulhv/ zklfk lv rewdlqhg iurp wkh
lqwhjudwlrq ri wkh wudqvplvvlrq surohv
\w @
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Vlqfh lq wklv zrun rqo| wkh lrq |lhog zlwk uhvshfw wr wkh
dqjoh  zdv phdvxuhg/ wkh lqwhjudwlrq ryhu wkh dqjoh !
zdv shuiruphg dvvxplqj wkdw lwv ghshqghqfh lv ghvfulehg
e| d Jdxvvldq ixqfwlrq1 Wkh zlgwk ! ri wkh Jdxvvldq
zdv vhw wr eh htxdo wr wkh zlgwk  ri wkh wudqvplvvlrq
suroh rewdlqhg iru vx!flhqwo| odujh fkdujh ghsrvlwlrq1
Wkhq/ wkh wrwdo |lhog zdv rewdlqhg e| qxphulfdo lqwhjud0
wlrq ri wkh h{shulphqwdo gdwd1
Dv phqwlrqhg/ zh pd| frqvlghu wkh srvvlelolw| wkdw
wkh orvv ri wudqvplvvlrq lv shupdqhqw1 Wkh lrqv frxog eh
eorfnhg e| dq hqkdqfhg froohfwlrq ri fkdujhv lqvhuwhg lqwr
wkh fdsloodulhv1 Lq wkh fdvh wkdw wkh ghsrvlwhg fkdujhv uh0
wdlq d fhuwdlq prelolw|/ lw lv h{shfwhg wkdw diwhu vrph wlph
wkh fkdujhv duh uhpryhg dqg wkh fdsloodulhv ehfrph djdlq
wudqvsduhqw1 Rq wkh rwkhu kdqg/ lw pd| eh srvvleoh wkdw
gxh wr vshflf pdwhuldo surshuwlhv wkh fdsloodulhv uhpdlq
fkdujhg vr wkdw wkh| shupdqhqwo| lqklelw wkh sdvvdjh ri
wkh lrqv1
Wr qg dq dqvzhu wr wkhvh txhvwlrqv/ wkh lrq wudqvplv0
vlrq dw d iuhvk vsrw rq wkh fdsloodu| vdpsoh zdv uhshdwhg
diwhu d 48 krxu sdxvh zlwk wkh vdph fdsloodulhv dv xvhg
ehiruh1 Diwhu wklv sdxvh lw lv h{shfwhg wkdw wkh pdmrulw|
ri preloh fkdujhv duh uhpryhg iurp wkh fdsloodu| lqwh0
ulru1 Wkh phdvxuhphqwv zhuh shuiruphg zlwk wkh kljkhvw
dydlodeoh fdsloodu| ghqvlw| ri 9  43: fp5 +Wdeoh L, wr
hqkdqfh wkh eorfnlqj hhfw1
Lq Ilj1 7 wkh wrwdo lqwhqvlw| ri wkh wudqvplwwhg lrqv
lv sorwwhg dv ixqfwlrq ri wkh lqvhuwhg fkdujh Tlq1 Iljxuh
7+d, dqg Ilj1 7+e, vkrz wkh uhvxowv rewdlqhg zlwk wkh
iuhvk dqg xvhg fdsloodulhv/ uhvshfwlyho|1 +Zh uhfdoo wkdw
wkh wudqvplvvlrq surohv dvvrfldwhg zlwk wkh iuhvk fdslo0
odu| phdvxuhphqw duh vkrzq lq wkh odvw froxpqv ri Ilj1
51, Iru wkh iuhvk fdsloodulhv wkh lrq lqwhqvlw| ulvhv lqlwldoo|
yhu| udslgo| wr d pd{lpxp iurp zkhuh lw gursv frqwlq0
xrxvo| e| pruh wkdq dq rughu ri pdjqlwxgh1 Wkh lqlwldo
lqfuhdvh ri wkh lrq lqwhqvlw| lv h{shfwhg wr eh gxh wr d
jxlglqj hhfw wkdw frpshqvdwhv wkh lqwhqvlw| orvv gxh wr
d vpdoo qrq0}hur wlow dqjoh1 Wklv lqwhqvlw| orvv fdq eh
xqghuvwrrg iurp Ilj1 43+d, suhvhqwhg lq wkh dsshqgl{1
8ILJ1 7= Uhfryhu| ri wkh fdsloodu| wudqvplvvlrq diwhu d 48 krxu
sdxvh1 Wkh gdwd zhuh phdvxuhg xvlqj 60nhY Qh.n lrqv wudqv0
plwwhg wkurxjk SHW fdsloodulhv zlwk d ghqvlw| ri Sff. fp321
Lq +d, wkh lrq wudqvplvvlrq iru d iuhvk vsrw rq wkh fdsloodu|
vdpsoh lv vkrzq1 Lq +e, wkh uhshwlwlrq ri wkh h{shulphqwv dw
wkh vdph vsrw lv suhvhqwhg1 Wkh gdwd duh sorwwhg dv d ixqfwlrq
ri wkh lqvhuwhg fkdujh Tlq1
Lq Ilj1 7+e, wkh uhshwlwlrq ri wkh phdvxuhphqw vkrzv
wkh vdph txdolwdwlyh ehkdylru dv wkh ruljlqdo h{shulphqw1
Diwhu dq lqlwldo udslg lqfuhdvh/ wkh lrq lqwhqvlw| ghfuhdvhv
gxh wr eorfnlqj hhfwv1 Wkh vlplodulw| ri wkh wzr fxuyhv
lq 7+d, dqg Ilj1 7+e, lqglfdwhv wkdw wkh wudqvplvvlrq
surshuwlhv ri wkh fdsloodulhv duh hvvhqwldoo| uhfryhuhg diwhu
wkh 48 krxu sdxvh1 Wklv vkrzv wkdw prvw ri wkh fkdujhv
zlwklq wkh fdsloodu| lqwhulru duh uhpryhg1 Krzhyhu/ fhu0
wdlq glhuhqfhv ehwzhhq wkh wzr fxuyhv shuvlvw uhyhdolqj
wkdw vrph uhvw fkdujh uhpdlqhg zlwklq wkh fdsloodulhv1
Qhyhuwkhohvv/ lw pd| eh frqfoxghg wkdw wkh glhuhqfhv
ehwzhhq SHW dqg SF ^67` duh qrw fdxvhg e| glhuhqfhv
e| wkh pdwhuldo surshuwlhv1 Wkxv/ lw lv olnho| wkdw wkh
eorfnlqj lv lq xhqfhg e| wkh fdsloodu| ghqvlw|1 Wkh uroh
ri wkh fdsloodu| ghqvlw| iru wkh lrq wudqvplvvlrq zloo eh
dqdo|}hg qh{w1
F1 Fdsloodu| ghqvlw| hhfwv rq wkh lrq eorfnlqj
Lq wkh iroorzlqj zh vwxg| wkh whpsrudo hyroxwlrq ri
60nhY Qh:. lrq wudqvplvvlrq iru glhuhqw fdsloodu| ghq0
vlwlhv1 Dv ehiruh/ wkh wrwdo lrq |lhog \w zdv ghwhuplqhg
e| lqwhjudwlqj wkh wudqvplvvlrq suroh sduwldoo| vkrzq lq
Ilj1 51 Krzhyhu/ iru d ehwwhu frpsdulvrq ri wkh gdwd re0
wdlqhg zlwk glhuhqw fdsloodu| ghqvlwlhv/ zh qrupdol}hg
wkh wrwdo lqwhqvlw| ri wudqvplwwhg lrqv1 Lq wkh iroorzlqj/
zh frqvlghu wkh iudfwlrq ri wudqvplwwhg lrqv rewdlqhg e|
glylglqj \w e| wkh wrwdo qxpehu ri lrqv \lq lqflghqw lqwr
wkh pxowlwxgh ri fdsloodulhv lqyroyhg=
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Wkh qxpehu ri lqflghqw lrqv \lq 2 f lv sursruwlrqdo wr
wkh fdsloodu| ghqvlw| f vr wkdw iw frqwdlqv d glylvlrq e|
wkdw ghqvlw|1 Zh qrwh wkdw wkh txdqwlwlhv \w dqg \lq zhuh
phdvxuhg rqo| rq d uhodwlyh vfdoh vr wkdw wkh iudfwlrq iw
ghshqgv rq d sursruwlrqdolw| idfwru1 Krzhyhu/ wkh uhvxowv
iru hdfk fdsloodu| ghqvlw| lqyroyh wkh vdph sursruwlrqdo0
lw| idfwru/ zklfk zloo eh ghwhuplqhg ehorz lq frpsdulvrq
zlwk wkh prgho fdofxodwlrqv shuiruphg lq wkh dsshqgl{1
Lq Ilj1 8 wkh uhvxowv iru wkh wudqvplwwhg lrq iudfwlrq
duh sorwwhg dv d ixqfwlrq ri wkh lqvhuwhg fkdujh1 Hdfk
judsk odehohg +d, wr +g, lv dvvrfldwhg zlwk d fhuwdlq fds0
loodu| ghqvlw| lq dffrugdqfh zlwk wkh qrwdwlrq lq Wdeoh L1
Doo fxuyhv h{klelw d udslg lqfuhdvh dw wkh ehjlqqlqj ri wkh
fkdujh lqvhuwlrq/ zklfk fdq eh dwwulexwhg wr vpdoo ghyl0
dwlrq iurp wkh 3 wlow dqjoh dv douhdg| glvfxvvhg iru wkh
gdwd lq 8+g, lq wkh suhfhglqj vhfwlrq1 Dv phqwlrqhg/ wkh
jxlglqj hhfw frpshqvdwhv wkh lqlwldo orvv ri wkh wudqv0
plwwhg lrqv1
ILJ1 8= Iudfwlrq iw ri 60nhY Qh.n lrqv wudqvplwwhg wkurxjk
fdsloodulhv lq SHW sorwwhg dv d ixqfwlrq ri wkh lqvhuwhg fkdujh1
Wkh wlow dqjoh lv forvh wr 31 Wkh duhdo fdsloodu| ghqvlw| lv
jlyhq lq hdfk judsk1
Diwhu wkh jxlglqj kdv uhdfkhg htxloleulxp/ zh h{shfw
wkdw iru vpdoo dqjohv wkh wudqvplwwhg lrq iudfwlrq uhdfkhv
d pd{lpxp/ zklfk lv qhduo| xqlw|1 Krzhyhu/ wkh glyhu0
jhqfh ri wkh ehdp ohdgv wr vrph orvv ri lrqv zlwklq wkh
9fdsloodulhv1 Iru wkh suhvhqw glyhujhqfh ri 	 3158 wkh
wudqvplwwhg lrq iudfwlrq zdv ghwhuplqhg wr eh 31: dv d
uhvxow ri fdofxodwlrqv lq wkh dsshqgl{1 Wkxv/ wkh xq0
nqrzq sursruwlrqdolw| idfwru lqyroyhg lq iw zdv {hg e|
vhwwlqj wkh pd{lpxp ri wkh gdwd lq Ilj1 8+d, htxdo wr
31:1 Wkhq/ wkh fxuyhv iru wkh rwkhu ghqvlwlhv frxog eh
sxw rq dq devroxwh vfdoh/ wrr1
Iurp Iljv1 8+d, dqg 8+e, lw lv vhhq wkdw wkh wudqv0
plwwhg lrq iudfwlrq iru wkh orzhu ghqvlwlhv ri 6439 dqg
8439 fp5 duh udwkhu frqvwdqw/ zkhuhdv wkh uhvxowv lq
Iljv1 8+f, dqg 8+g, iru wkh kljkhu ghqvlwlhv ri 643: dqg
943: fp5 ghfuhdvh vwurqjo| zlwk wkh lqvhuwhg fkdujh1
Khqfh/ lw lv reylrxv wkdw wkh revhuyhg eorfnlqj hhfwv
duh pxfk vwurqjhu iru wkh kljk ghqvlwlhv wkdq iru wkh orz
ghqvlwlhv1
Wkh vwurqj ghfuhdvh ri wkh lrq wudqvplvvlrq fdq eh xq0
ghuvwrrg lq whupv ri d vhoi0hqkdqflqj hhfw lqyroyhg lq
wkh lrq eorfnlqj surfhvv1 Lrq eorfnlqj lv wkh uhvxow ri d uh0
shoolqj hog surgxfhg e| wkh fkdujh ghsrvlwhg lq wkh fds0
loodu| lqwhulru1 Wklv txdqwlw| zloo eh ghqrwhg dv devruehg
fkdujh lq wkh iroorzlqj1 Zkhq wkh fdsloodu| ghqvlw| lq0
fuhdvhv/ wkh uhshoolqj hog lv hqkdqfhg e| qhljkeru frqwul0
exwlrqv1 Wkhq/ wkh lrq eorfnlqj lv hqkdqfhg vr wkdw wkh
fkdujh devruehg zlwklq wkh fdsloodulhv lqfuhdvhv/ zklfk
lq wxuq lqfuhdvhv wkh uhshoolqj hog dqg vr rq1 Khqfh/
zh h{shfw eorfnlqj hhfwv eh|rqg sursruwlrqdolw| zkhq
wkh fdsloodu| ghqvlw| lqfuhdvhv1 Wkh uhdvrq iru wkh qhduo|
lqvwdqw lqvhw ri wkh lrq eorfnlqj iru wkh kljkhu ghqvlw|
fdsloodu| zloo eh glvfxvvhg lq pruh ghwdlov ehorz lq frq0
mxqfwlrq zlwk prgho fdofxodwlrqv1
Wkh vhoi0hqkdqflqj hhfw ri wkh lrq eorfnlqj fdq eh uh0
yhdohg lq pruh ghwdlo e| phdqv ri wkh dprxqw ri fkdujh
Td devruehg lq wkh fdsloodu| lqwhulru1 Wklv fkdujh lv re0
wdlqhg iurp wkh devruehg fkdujh fxuuhqw
Md @ Mlq  Mw +6,
zkhuh Mlq dqg Mw duh wkh lqflghqw dqg wudqvplwwhg fxu0
uhqw/ uhvshfwlyho|1 Wkh devruehg fkdujh lv ghgxfhg e|
wkh wlph lqwhjudwlrq
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zklfk fdq eh uhsodfhg e| wkh lqwhjudwlrq ryhu wkh lqflghqw
fkdujh xvlqj w @ Tlq@mlq +dqg gw @ gTlq@mlq,
Td+Tlq, @
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id+T3lq, gT3lq +8,
zkhuh zh lqwurgxfhg wkh fxuuhqw iudfwlrq id @ Md@Mlq @
4 iw rewdlqhg iurp wkh wudqvplwwhg iudfwlrq iw jlyhq lq
Ilj1 8
Wkh uhvxowv ri wkh lqwhjudwlrq duh sorwwhg lq Ilj1 9
zkhuh wkh devruehg fkdujh Td lv jlyhq dv d ixqfwlrq ri
wkh lqvhuwhg fkdujh Tlq1 Wkh jxuh vkrzv irxu fxuyhv
hdfk ri zklfk lv dwwulexwhg wr d ghqvlw| ri wkh fdsloodulhv1
ILJ1 9= Fkdujh Td devruehg lq d vlqjoh fdsloodu| gxulqj wkh
wudqvplvvlrq ri 60nhY Qh.n lrqv dv d ixqfwlrq ri wkh lqvhuwhg
fkdujh Tlq1 Wkh uhvxowv duh rewdlqhg iurp wkh gdwd lq Ilj1 8
xvlqj Ht1 +8,1 Wkh fxuyhv odehohg d/ e/ f/ dqg g fruuhvsrqg
wr wkh duhdo ghqvlwlhv lqglfdwhg lq Ilj1 81
Iru wkh wzr orzhu fdsloodu| ghqvlwlhv +6439 dqg 8439
fp5, wkh devruehg fkdujh dprxqwv wr derxw 63 ( ri
wkh lqvhuwhg fkdujh iru ydoxhv vpdoohu wkdq  68 iF1 Krz0
hyhu/ iru wkh kljkhu fdsloodu| ghqvlwlhv +643: dqg 943:
fp5, wkh devruehg fkdujh dprxqwv wr ydoxhv dv odujh dv
;3 ( ri wkh lqvhuwhg fkdujh1 Wklv odujh ydoxh iru wkh de0
vruehg fkdujh lv wkh uhdvrq iru wkh vhoi0hqkdqfhg eorfnlqj
surfhvv1 Lqghhg/ wklv lv olnho| gxh wr wkh eorfnlqj hhfwv
revhuyhg lq Ilj1 8 +f, dqg +g, zklfk duh pxfk vwurqjhu
wkdq wkrvh irxqg lq Iljv1 8 +d, dqg 8 +e,1
Lw vkrxog eh srlqwhg rxw wkdw wkh devruehg fkdujh vwd|v
rqo| wudqvlhqwo| zlwklq wkh fdsloodu|1 Hohfwulf hogv/ sur0
gxfhg e| wkh devruehg fkdujhv/ wudqvsruw wkhvh fkdujhv
rxw ri wkh fdsloodu| lqwhulru wr wkh h{lwv zkhuh wkh| duh
qdoo| ghsohwhg dw wkh jrog op fryhulqj wkh vdpsoh vxu0
idfhv ^5;`1 Wkhuhiruh wkh devruehg fkdujh vsolwv lqwr wzr
frpsrqhqwv
Td @ Tg .Tf +9,
zkhuh Tg lv wkh fkdujh ghsohwhg dw wkh vdpsoh vxuidfh
dqg Tf lv wkh froohfwhg fkdujh uhpdlqlqj zlwklq wkh fds0
loodu|1 Wkh hohfwulf hog lqfuhdvhv zlwk lqfuhdvlqj fkdujh
devruswlrq vr wkdw wkh fkdujh ghsohwlrq lqfuhdvhv/ wrr1
Wkhuhiruh/ wkh dfwxdo fkdujh Tf froohfwhg lq wkh fdsloodu|
lv vpdoohu wkdq Td1 Wkh odwwhu fkdujh fdq eh xvhg dv d
uhdvrqdeoh hvwlpdwh iru wkh froohfwhg fkdujh rqo| lq fdvhv
iru zklfk wkh fkdujh wudqvsruw lv vpdoo1 Rwkhuzlvh/ Td
kdv wr eh xvhg dv dq xsshu olplw ri wkh dfwxdo fkdujh
suhvhqw lq wkh fdsloodu|1
:LY1 LRQ EORFNLQJ E\ QHLJKERU
FDSLOODULHV
Lq wklv vhfwlrq zh ghvfuleh d prgho wkdw hvwlpdwhv wkh
srwhqwldo surgxfhg e| qhljkeru fdsloodulhv ohdglqj wr d
sduwldo ru ixoo eorfnlqj ri wkh lqvhuwhg lrqv1 Wr rewdlq
wkh srwhqwldo surgxfhg e| doo fkdujhv/ wkhlu Frxorpe sr0
whqwldov duh vxpphg dv iroorzv
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zkhuh wkh uvw dqg vhfrqg whup uhihu wr wkh jlyhq fds0
loodu| dqg qhljkeru fdsloodulhv/ uhvshfwlyho|1 Wkh lqgh{
l uxqv ryhu wkh fkdujhv lq d vlqjoh fdsloodu| dqg wkh lq0
gh{ q uxqv ryhu wkh qxpehu ri qhljkeru fdsloodulhv1 Wkh
qxpehu ri fdsloodu| qhljkeruv odehohg q zdv olplwhg wr d
qlwh ydoxh eh|rqg zklfk pruh fdsloodulhv frxog eh dgghg
zlwkrxw d qrwlfhdeoh fkdqjh ri wkh srwhqwldo1
Zlwklq wkh suhvhqw prgho/ fdsloodulhv duh dvvxphg wr
kdyh d vtxduh rshqlqj zlwk vl}h d dqg ohqjwk O1 Wkh
vtxduh vkdsh lv fkrvhq wr dfklhyh dq dqdo|wlf h{suhvvlrq
iru wkh srwhqwldo ri d uhfwdqjxodu/ krprjhqhrxvo| fkdujhg
vxuidfh ri wkh fdsloodu| lqwhulru1 Wkh vxppdwlrq ryhu l
lq Ht1 +:, lv uhsodfhg e| dq lqwhjudwlrq/ zklfk fdq eh
vroyhg dqdo|wlfdoo|1 Wkh zlgwk ri wkh rshqlqj lv vhw wr eh
d @ gs@5 vr wkdw wkh hqwudqfh duhdv ri wkh vtxduh dqg
flufxodu rshqlqjv duh htxdo1
Lq Ht1 +:, wkh whup ghqrwhg lpdjhv lv dgghg wr df0
frxqw iru wkh jurxqghg phwdo od|hu hydsrudwhg rq wkh
iurqw dqg edfn vlgh ri wkh SHW irlo +qrwhg lq wkh h{shul0
phqwdo vhfwlrq LL,1 Wkh jurxqghg phwdo od|huv duh wdnhq
lqwr dffrxqw e| dgglqj d uhdvrqdeoh vhw ri lpdjh fkdujhv
+lq idfw/ lpdjhv ri wkh fkdujhg vxuidfhv, zlwk dowhuqdw0
lqj vljq rq erwk vlghv/ xvlqj wkh phwdo od|hu dv d pluuru1
Pruh ghwdlov zloo eh suhvhqwhg lq d ixwxuh sxeolfdwlrq1
Wkh uhsodfhphqw ri wkh flufxodu fdsloodu| e| d vtxduh
fdsloodu| lv h{shfwhg wr eh d uhdvrqdeoh dssur{lpdwlrq dv
wkh dyhudjh glvwdqfh ehwzhhq qhljkeru fdsloodulhv lv vlj0
qlfdqwo| odujhu wkdq wkh fdsloodu| gldphwhu1 Qrwh wkdw
wklv vlpsoh prgho surylghv wkh srwhqwldo lqvlgh d fdsloodu|
gxh wr dq duudqjhphqw ri fkdujhg uhfwdqjxodu vxuidfhv lq
lw/ dqg d odujh hqvhpeoh ri qhljkerulqj fdsloodulhv lghq0
wlfdoo| fkdujhg1 Krzhyhu/ lw grhv qrw dffrxqw iru krz
wkhvh fkdujh duudqjhphqwv duh fuhdwhg1
Dw wkh vlpsohvw duudqjhphqw/ wkh ghsrvlwhg fkdujh lv
dvvxphg wr eh glvwulexwhg krprjhqhrxvo| zlwklq wkh fds0
loodu|1 Pruhryhu/ rqo| wkh xsshu dqg orzhu zdoo ri wkh irxu
fdsloodu| vlghv duh fryhuhg e| fkdujhv1 Wkh uhvxowlqj sr0
whqwldo iru d vlqjoh fdsloodu| lv lq uhdvrqdeoh djuhhphqw
zlwk wkh uhvxowv rewdlqhg iurp wkh uhfhqw vlpxodwlrq ^5<`1
Iljxuh : vkrzv srwhqwldov iurp wkh prgho fdofxodwlrqv
iru wkh fdsloodu| ghqvlwlhv xvhg lq wkh h{shulphqwdo zrun
+Wdeoh L,1 Wkh srwhqwldov duh jlyhq dw wkh fdsloodu| fhqwhu
dorqj lwv ohqjwk O1 Wkh srwhqwldo odehohg v uhihuv wr d vlq0
joh fdsloodu|1 Wkh fkdujh ri 68 iF/ lqvhuwhg lqwr wkh fds0
loodu|/ lv frqyhuwhg wr devruehg fkdujhv xvlqj wkh fxuyhv
ILJ1 := Srwhqwldo dorqj wkh orqjlwxglqdo d{lv lq wkh fhqwhu ri
wkh fdsloodu|1 Wkh fxuyh odehohg v uhihuv wr d vlqjoh fdsloodu|/
Wkh fxuyhv odehohg d/ e/ f/ dqg g duh rewdlqhg zlwk fdsloodu|
ghqvlwlhv jlyhq lq Wdeoh L1 Wkh lqvhuwhg fkdujh lv 68 iF1 Wkh
krul}rqwdo gdvkhg olqh dw 75; Y lqglfdwhv wkh srwhqwldo eduulhu
zklfk fdqqrw eh sdvvhg e| 60nhY Qh.n lrqv1 Wkh grwwhg olqhv
lqglfdwh wkdw wkh srwhqwldo fdqqrw h{fhhg wkh 75; Y olqh1
lq Ilj1 91 Wkh krul}rqwdo gdvkhg olqh uhsuhvhqwv wkh sr0
whqwldo eduulhu Ws@t @ 75; Y zklfk fdqqrw eh ryhufrph
e| lrqv lqflghqw zlwk nlqhwlf hqhuj| ri Ws @6 nhY dqg
fkdujh t @ :1 Lw lv vhhq wkdw wkh srwhqwldov iru wkh orzhu
fdsloodu| ghqvlwlhv + 6439 dqg 8439 fp5, duh vpdoohu
wkdq wklv eduulhu/ zkhuhdv lq wkh plggoh ri wkh fdsloodu|/
wkh srwhqwldov iru wkh kljkhu fdsloodu| ghqvlwlhv +643:
dqg 943: fp5, duh odujhu wkdq wklv eduulhu1 Khqfh/ iru
wkh kljk ghqvlw| vdpsohv wkh srwhqwldo lv grplqdwhg e|
wkh qhljkeruv/ zkloh lq fdvh ri wkh orz ghqvlw| vdpsohv
wkh srwhqwldo lv rqo| voljkwo| prglhg e| wkh qhljkeruv1
Ixuwkhu uhvxowv duh fdofxodwhg iru wkh pd{lpxp srwhq0
wldo orfdwhg lq wkh plggoh ri wkh fdsloodu| dw 8 p1 Lq
Ilj1 ; wkh gdwd duh sorwwhg dv d ixqfwlrq ri wkh lqvhuwhg
fkdujh zklfk lv djdlq frqyhuwhg wr wkh devruehg fkdujh
e| phdqv ri Ilj1 91 Wkh jxuh vkrzv d gdvkhg grw0
whg olqh dw 78 Y/ zklfk furvvhv wkh fxuyhv odehohg g/ f/
e/ dqg d qhdu wkh lqvhuwhg fkdujhv 5/ 7/ 5; dqg 6: iF/
uhvshfwlyho|1 Orrnlqj edfn dw Ilj1 8 rqh fdq vhh wkdw
wkh wudqvplvvlrq vwduwv wr gurs dw 4/ 5/ 58/ dqg 66 iF/
uhvshfwlyho|1 Lw lv olnho| wkdw dw wkh srwhqwldo ri 53 0 73 Y
wkh ghfhohudwlrq ri wkh lqflghqw ehdp ohdgv wr dq lqfuhdvh
ri wkh ehdp glyhujhqfh zklfk lq wxuq lqfuhdvhv wkh lrq
devruswlrq dw wkh fdsloodu| zdoo1 Wkxv/ wkh suhvhqw prgho
fdofxodwlrq h{sodlqv wkh pxfk idvwhu lrq eorfnlqj zlwklq
wkh fdsloodulhv ri kljkhu ghqvlwlhv revhuyhg lq Ilj1 81
Lq dgglwlrq/ Ilj1 ; vkrzv wkdw wkh fxuyhv dvvrfldwhg
zlwk wkh orzhu ghqvlwlhv gr qrw furvv wkh srwhqwldo eduulhu
lqglfdwhg e| wkh krul}rqwdo gdvkhg olqh dw 75; Y1 Wklv lv
lq dffrugdqfh zlwk wkh h{shulphqwdo uhvxowv wkdw wkh lrq
eorfnlqj lv vpdoo iru wkhvh ghqvlwlhv1 Krzhyhu/ wkh fxuyhv
;iru wkh kljkhu ghqvlwlhv furvv wkh srwhqwldo eduulhu dw lq0
vhuwhg fkdujhv kljkhu wkdq  48 iF1 Frqvhtxhqwo|/ wkh
lrq eorfnlqj lv irxqg wr eh vljqlfdqw iru wkhvh ghqvlwlhv
^vhh Ilj1 8+f, dqg Ilj1 8 +g,`1
Wkh qglqj wkdw wkh srwhqwldo h{fhhgv wkh eduulhu dw
75; Y vkrxog ohdg wr d wrwdo vxssuhvvlrq ri wkh lrq wudqv0
plvvlrq wkurxjk wkh fdsloodulhv1 Lq idfw/ d srwhqwldo odujhu
wkdq 75; Y fdqqrw eh fuhdwhg e| 60nhY Qh:. lrqv vr
wkdw wkh prgho lv qrw dssolfdeoh lq wklv fdvh1 Udwkhu/
Iljv1 8+f, dqg 8 +g, vkrz d qrq0}hur wudqvplvvlrq hyhq
iru odujh fkdujh lqvhuwlrq1 Wkhuh duh wzr uhdvrqv iru wklv
revhuydwlrq1 Iluvw/ wkh suhvhqw prgho lv shuiruphg zlwk d
frqvwdqw fxuuhqw ghqvlw| ri wkh lqflghqw lrq ehdp1 Krz0
hyhu/ wkh lrq ehdp lv h{shfwhg wr kdyh d ghqvlw| glvwulex0
wlrq ghvfulehg e| d Jdxvvldq ixqfwlrq zlwk d qlwh zlgwk1
Dw wkh hgjhv ri wkh lrq ehdp wkh qhljkeru srwhqwldo lv
uhgxfhg vr wkdw lw pd| ehfrph orzhu wkdq wkh srwhqwldo
eduulhu1 Wklv zrxog ohdg wr d sduwldo wudqvplvvlrq ri wkh
lrqv wkurxjk wkh fdsloodu|1
ILJ1 ;= Pd{lpxp srwhqwldo lq wkh plggoh ri wkh fdsloodu| dw
8 p dv d ixqfwlrq ri wkh lqvhuwhg fkdujh1 Qrwh wkdw Ilj1 9 lv
xvhg wr frqyhuw wkh lqvhuwhg fkdujh lqwr wkh fkdujh dffxpx0
odwhg lq wkh fdsloodu|1 Wkh fxuyhv odehohg d/ e/ f/ dqg g duh
rewdlqhg zlwk wkh vdph fdsloodu| ghqvlwlhv dv lq Ilj1 : zkhuh
dovr wkh krul}rqwdo gdvkhg olqh lv h{sodlqhg1 Wkh gdvkhg grw0
whg olqh dw 78 Y lqglfdwhv wkh srwhqwldo dw zklfk wkh eorfnlqj
vwduwv +vhh wh{w,1
Vhfrqg/ dv lqglfdwhg e| Ht1 +9, lq wkh suhylrxv vxevhf0
wlrq/ wkh devruehg fkdujh Td vkrxog eh uhjdughg dv dq
xsshu olplw iru wkh fkdujh uhdoo| suhvhqw zlwklq wkh fdslo0
odulhv1 Wklv devruehg fkdujh lv uhgxfhg e| wkh wudqvsruw
ri wkh fkdujh Tg wr wkh fdsloodu| h{lwv/ zkhuh wkh| fdq
eh ghsohwhg dw wkh jurxqghg phwdo od|hu1 Lq idfw/ wkh
hohfwulf hog gluhfwhg dorqj wkh fdsloodu| d{lv/ uhvsrqvl0
eoh iru wkh fkdujh wudqvsruw/ fdq eh ghgxfhg e| glhu0
hqwldwlqj wkh fruuhvsrqglqj fxuyhv lq Ilj1 :1 Iru wkh
kljkhu ghqvlwlhv wkh orqjlwxglqdo hog h{fhhgv wkh ydoxh
ri 314 Y2qp lq wkh ylflqlw| ri wkh fdsloodu| h{lwv1 Wklv
qxpehu lv forvh wr wkh hohfwulfdo euhdn0wkurxjk ydoxh iru
SHW ^5;`1 Khqfh/ iru wkh kljk fdsloodu| ghqvlwlhv/ wkh de0
vruehg fkdujh lv wudqvsruwhg zlwk d kljk suredelolw| wr
wkh jurxqghg phwdo od|huv1 Wkh uhprydo ri wkh devruehg
fkdujh ehfrphv uhodwlyho| odujh iru wkh kljkhvw fdsloodu|
ghqvlw| vr wkdw lw pd| eh xqghuvwrrg wkdw wkh eorfnlqj
hhfw iru wkh ghqvlw| ri 943:fp5 lv qrw pxfk kljkhu
wkdq wkdw iru 643: fp51
Lq sduwlfxodu/ zh qrwh wkdw lq Iljv1 : dqg ; wkh uhvxowv
odehohg f dqg g duh xsshu olplwv iru wkh srwhqwldov1 Rq
wkh rwkhu kdqg/ lw lv h{shfwhg wkdw wkh fxuyhv odehohg
d dqg e/ fruuhvsrqglqj wr wkh orzhu ghqvlwlhv/ uhsuhvhqw
uhdolvwlf ydoxhv1 Dowrjhwkhu/ wkh suhvhqw prgho vkrzv dw
ohdvw txdolwdwlyho| wkdw qhljkeru hhfwv pd| eh zhdn iru
fdsloodulhv ri ghqvlwlhv vpdoohu wkdq 43: fp51 Krzhyhu/
wkh| duh lpsruwdqw iru fdsloodu| ghqvlwlhv odujhu wkdq wklv
fulwlfdo ydoxh1
Y1 FRQFOXVLRQV
Wkh wudqvplvvlrq ri 60nhY Qh:. lrqv wkurxjk SHW
fdsloodulhv zdv phdvxuhg wr vwxg| eorfnlqj hhfwv rq wkh
lrq wudqvplvvlrq iru glhuhqw fdsloodu| ghqvlwlhv1 Wkh
zrun zdv prwlydwhg e| uhfhqw revhuydwlrqv wkdw SF fds0
loodulhv h{klelw vwurqj lrq eorfnlqj hhfwv zkhuhdv wkhvh
hhfwv zkhuh devhqw iru fdsloodulhv lq SHW ^67`1 Vlqfh
wkh SF vdpsohv frqwdlqhg fdsloodulhv dw d kljkhu ghqvlw|
wkdq iru wkh SHW vdpsohv/ wkh txhvwlrq durvh zkhwkhu
wkh glhuhqfhv ehwzhhq SF dqg SHW duh surgxfhg e|
wkh glhuhqw pdwhuldo surshuwlhv ru glhuhqw ghqvlwlhv1
Wkh h{shulphqwv fohduo| uhyhdohg wkdw wkhuh lv qr sulq0
flsoh glhuhqfh ehwzhhq wkh SF dqg SHW pdwhuldov1
Udwkhu/ wkh lrq wudqvplvvlrq lv vwurqjo| lq xhqfhg e|
wkh fdsloodu| ghqvlw|1 Iru wkh orzhvw ghqvlw| ri 6439
fp5 wkh lrq wudqvplvvlrq zdv irxqg wr eh sudfwlfdoo|
frqvwdqw lq djuhhphqw zlwk wkh suhylrxv uhvxowv rewdlqhg
zlwk SHW fdsloodulhv dw wkh vdph ghqvlw| ^67`1 Wkxv/
wkhvh orz0ghqvlw| vdpsohv vkrz qr eorfnlqj1 Vlploduo|/
wkh eorfnlqj hhfw lv pdujlqdo iru wkh SHW vdpsohv zlwk
d fdsloodu| ghqvlw| ri 8439 fp51
Krzhyhu/ gudvwlf eorfnlqj hhfwv rq wkh lrq wudqv0
plvvlrq duh revhuyhg iru SHW fdsloodulhv zlwk ghqvlwlhv
kljkhu wkdq 43: fp51 Khqfh/ wkh orvv ri wudqvplvvlrq
ehfrphv lqfuhdvlqjo| lpsruwdqw iru d phdq fdsloodu| glv0
wdqfh ri 5 p dqg ehorz +Wdeoh L,1 Lw dsshduv wkdw eorfn0
lqj ehfrph vljqlfdqw zkhq wkh phdq glvwdqfh wr dgmd0
fhqw fdsloodulhv lv vpdoohu wkdq wkh fdsloodu| kdoi ohqjwk1
Wkh vljqlfdqw lqfuhdvh ri wkh lrq eorfnlqj fdq txdolwd0
wlyho| eh h{sodlqhg e| d vhoi0hqkdqflqj surfhvv lqyroyhg
lq wkh lrq devruswlrq zlwklq wkh fdsloodu|1 Wkh eorfnlqj
ohdgv wr dq lqfuhdvhg devruswlrq ri lqflghqw fkdujh lq wkh
fdsloodu| lqwhulru zklfk/ lq wxuq/ lqfuhdvhv wkh srwhqwldo
uhvsrqvleoh iru wkh eorfnlqj dqg vr rq1 Lw vkrxog eh dgghg
wkdw wkh devruehg fkdujh lv uhpryhg e| wkh orqjlwxglqdo
hog ghwhuplqhg e| wkh ghulydwlyh ri wkh srwhqwldo1 Zkhq
wkh srwhqwldo ru hog lqfuhdvhv/ pruh fkdujhv duh uhpryhg
<vr wkdw wkh vhoi0hqkdqflqj surfhvv lv zhdnhqhg1 Wkhuh0
iruh/ lw pd| eh xqghuvwrrg wkdw wkh eorfnlqj hhfw iru
wkh ghqvlw| ri 943:fp5 lv qrw pxfk kljkhu wkdq wkdw
iru 643: fp51
Lq ylhz ri wkh vwurqj orvvhv revhuyhg lq wkh lrq wudqv0
plvvlrq wkh txhvwlrq dulvhv zk| eorfnlqj hhfwv lq SHW
fdsloodulhv kdyh qrw ehhq uhsruwhg lq hduolhu zrun1 Zh
irxqg khuh wkdw wkh fdsloodu| ghqvlw| lv dq lpsruwdqw sd0
udphwhu/ zklfk jryhuqv lrq eorfnlqj1 Krzhyhu/ lw fdqqrw
eh h{foxghg wkdw rwkhu sdudphwhuv duh lpsruwdqw dv zhoo1
Lq sduwlfxodu/ zh h{shfw wkdw wkh frqgxfwlylw| ri wkh lq0
qhu fdsloodu| zdoo sod|v d fhuwdlq uroh1 Ixuwkhu zrun lv
qhhghg wr lqtxluh derxw wkh pdwhuldo surshuwlhv lq xhqf0
lqj wkh lrq wudqvplvvlrq dw kljk fdsloodu| ghqvlwlhv1
Ilqdoo|/ lq prgho fdofxodwlrqv lw zdv vkrzq wkdw wkh lrq
eorfnlqj pd| vwurqjo| eh lq xhqfhg e| fdsloodu| qhljk0
eruv1 Lq dffrugdqfh zlwk wkh h{shulphqwdo uhvxowv lw zdv
vkrzq wkdw iru vpdoohu fdsloodu| ghqvlwlhv wkh eorfnlqj
hhfwv duh uhodwlyho| vpdoo1 Rq wkh rwkhu kdqg/ eorfn0
lqj hhfwv duh irxqg wr eh vljqlfdqw iru kljkhu ghqvl0
wlhv dovr lq djuhhphqw zlwk wkh h{shulphqwdo uhvxowv1 Lq
idfw/ wkh fdofxodwlrqv ryhuhvwlpdwh wkh eorfnlqj vlqfh wkh
fkdujh wudqvsruw wr fdsloodulhv h{lwv zdv qrw lqfoxghg lq
wkh prgho1 D pruh uhdolvwlf prgholqj frxog eh shuiruphg
e| lqfrusrudwlqj wkh qhljkeru fdsloodulhv lqwr vlpxodwlrqv
ri wkh lrq jxlglqj ^58`1 Lq sduwlfxodu/ ixwxuh vwxglhv duh
qhhghg iru wlow dqjohv ri d ihz ghjuhhv/ zklfk zhuh qrw
wuhdwhg lq wkh suhvhqw zrun1
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^53` U1 Ehuhf}n|/ J1 Nrzduln/ I1 Dxpd|u/ dqg N1 Wùnìvl/
Qxfo1 Lqvwuxp1 Phwkrgv Sk|v1 Uhv1 E 59:/ 64: +533<,1
^54` J1 Nrzduln/ U1 M1 Ehuhf}n|/ I1 Dxpd|u/ dqg N1 Wùnìvl/
Qxfo1 Lqvwuxp1 Phwkrgv Sk|v1 Uhv1 E 59:/ 55:: +533<,1
^55` W1 Lnhgd/ W1 P1 Nrmlpd/ \1 Lzdl/ \1 Ndqdl/ W1 Ndpedud/
W1 Qhelnl/ W1 Qduxvdzd/ dqg \1 \dpd}dnl/ M1 Sk|v= Frqi1
Vhu1 8;/ 9; +533:,1
^56` D1 Fdvvlpl/ W1 Pxudqdnd/ O1 Pdxqrxu|/ K1 Ohelxv/
E1 Pdqlo/ E1 D1 Kxehu/ W1 Lnhgd/ \1 Ndqdl/ W1 P1 Nr0
mlpd/ \1 Lzdl/ hw do1/ Lqw1 M1 Qdqrwhfkqro1 8/ ;3< +533;,1
^57` H1 Juxehu/ J1 Nrzduln/ I1 Odghqlqj/ M1 S1 Zdfodzhn/
I1 Dxpd|u/ U1 M1 Ehuhf}n|/ N1 Wùnìvl/ S1 Jxqdfnhu/
W1 Vfkzhljohu/ F1 Ohphoo/ hw do1/ Sk|v1 Uhy1 D ;9/ 395<34
+5345,1
^58` N1 Vfklhvvo/ Z1 Sdoqjhu/ N1 Wùnìvl/ K1 Qrzrwq|/
F1 Ohphoo/ dqg M1 Exujgùuihu/ Sk|v1 Uhy1 D :5/ 395<35
+5338,1
^59` N1 Vfklhvvo/ Z1 Sdoqjhu/ N1 Wùnìvl/ K1 Qrzrwq|/
F1 Ohphoo/ dqg M1 Exujgùuihu/ Qxfo1 Lqvwuxp1 Phwkrgv
Sk|v1 Uhv1 E 58;/ 483 +533:,1
^5:` N1 Vfklhvvo/ N1 Wùnìvl/ E1 Vroohghu/ F1 Ohphoo/ dqg
43
M1 Exujgùuihu/ Sk|v1 Uhy1 Ohww1 435/ 496534 +533<,1
^5;` Q1 Vwrowhuirkw/ Sk|v1 Uhy1 D ;:/ 345<35 +5346,1
^5<` Q1 Vwrowhuirkw/ Sk|v1 Uhy1 D ;:/ 365<34 +5346,1
^63` S1 Vnrj/ K1 ]kdqj/ dqg U1 Vfkxfk/ Sk|v1 Uhy1 Ohww1 434/
556535 +533;,1
^64` \1 Ndqdl/ P1 Krvklqr/ W1 Ndpedud/ W1 Lnhgd/ U1 Khoo0
kdpphu/ Q1 Vwrowhuirkw/ dqg \1 \dpd}dnl/ M1 Sk|v= Frqi1
Vhu1 4<7/ 34539; +533<,1
^65` Q1 Vwrowhuirkw/ U1 Khookdpphu/ G1 Ilqn/ E1 Vxoln/
]1 Mxkäv}/ H1 Erghzlwv/ K1 P1 Gdqj/ dqg U1 Krhnvwud/
Sk|v1 Uhy1 D :</ 355<34 +533<,1
^66` K1 ]kdqj/ S1 Vnrj/ dqg U1 Vfkxfk/ Sk|v1 Uhy1 D ;5/
385<34 +5343,1
^67` Q1 Vwrowhuirkw/ U1 Khookdpphu/ E1 Vxoln/ ]1 Mxkäv}/
Y1 Ed|hu/ F1 Wudxwpdqq/ H1 Erghzlwv/ dqg U1 Krhnvwud/
Sk|v1 Uhy1 D ;6/ 395<34 +5344,1
^68` P1 Xqlsdq/ D1 Urelq/ G1 I1 D1 Zlqwhuv/ U1 Prujhqvwhuq/
dqg U1 Krhnvwud/ Sk|v1 Uhy1 D :7/ 395<34 +5339,1
^69` J1 Sìs|/ S1 Erhvhfn/ D1 Nxnolq/ H1 Pdqfhdx/ E1 Vfklhgw/
]1 Vlz|/ P1 Wrxohprqgh/ dqg F1 Wudxwpdqq/ M1 Dsso1
Fu|vw1 73/ v6;; +533:,1
^6:` Q1 Vwrowhuirkw/ U1 Khookdpphu/ ]1 Mxkäv}/ E1 Vxoln/
Y1 Ed|hu/ F1 Wudxwpdqq/ H1 Erghzlwv/ D1 M1 gh Qlmv/
K1 P1 Gdqj/ dqg U1 Krhnvwud/ Sk|v1 Uhy1 D :</ 375<35
+533<,1
YL1 DSSHQGL[= PRGHOV IRU GLUHFW LRQ
WUDQVPLVVLRQ
Lq wklv dsshqgl{/ zh shuirup prgho fdofxodwlrqv wr
dqdo|}h wkh gluhfw lrq wudqvplvvlrq wkurxjk d fdsloodu|/
l1h1/ iru lrqv wkdw iroorz vwudljkw0olqh wudmhfwrulhv zlwklq
d hog0iuhh fdsloodu|1 Dv qrwhg wkh h{shulphqwv ghdo zlwk
lrq wudqvplvvlrq wkurxjk fdsloodulhv zlwk wlow dqjohv ri
qhduo| }hur ghjuhh1 Wkh gluhfw wudqvplvvlrq ri wkh lrq
ehdp lv vwurqjo| dhfwhg e| dq| ghyldwlrq iurp }hur gh0
juhh1 Pruhryhu/ hyhq li wkh wlow dqjoh lv h{dfwo| htxdo wr
}hur/ vrph lqwhqvlw| lv devruehg zlwklq wkh fdsloodu| gxh
wr wkh idfw wkdw wkh lrq ehdp voljkwo| glyhujhv1 Khuh/
zh surylgh vlpsoh h{suhvvlrqv/ zklfk doorz iru hydoxdw0
lqj wkh lrq wudqvplvvlrq wkurxjk d voljkwo| wlowhg fdsloodu|
lqyroylqj d vpdoo ehdp glyhujhqfh1
ILJ1 <= Vfkhpdwlf gudzlqj iru wkh wudqvplvvlrq ri d gluhfw
ehdp wkurxjk d voljkwo| wlowhg fdsloodu|
Dv qrwhg ehiruh/ wkh iudfwlrq ri wudqvplwwhg lrqv lv
jlyhq e| iw @ Mw@Mlq/ zkhuh Mlq lv wkh fxuuhqw/ zklfk
hqwhuv lqwr wkh fdsloodu| hqwudqfh dqg Mw lv wkh wudqvplw0
whg fxuuhqw ohdylqj wkh fdsloodu| h{lw1 Wkh fdsloodu| kdv
d ohqjwk O dqg d gldphwhu g dv vkrzq lq Ilj1 <1 Dq
lpsruwdqw txdqwlw| lv wkh dvshfw udwlr O@g ghqlqj wkh
dqjoh !d e| wdq!d @ g@O1
Iluvw/ zh frqvlghu d ehdp ruljlqdwlqj iurp d vpdoo
vrxufh duhd v dw d glvwdqfh o iurp wkh fdsloodu| +Ilj1 <,1
Wkh fxuuhqw hmhfwhg iurp wkh vrxufh lqwr wkh vrolg dqjoh
 lv jlyhq e| Mv @ mv/ zkhuh mv lv wkh fxuuhqw ghqvlw|
fkdudfwhulvwlf iru wkh vrxufh1 Wkh vrolg dqjoh lv rewdlqhg
dv  @ @o5 zkhuh  lv wkh duhd olplwlqj wkh ehdp1 Wkh
ehdp hqwhulqj lqwr wkh fdsloodu| lv olplwhg e| wkh fds0
loodu| rshqlqj 3 @ g5@71 Wkh wudqvplwwhg ehdp lv
ghwhuplqhg e| wkh ryhuods f ri wzr flufohv uhsuhvhqwlqj
wkh hqwudqfh dqg h{lw rshqlqj ri wkh fdsloodu| vhhq e| dq
revhuyhu dw wkh vrxufh srlqw1 Wkh flufohv duh glvsodfhg e|
wkh glvwdqfh |p @ O wdq# +Ilj1 <,1
Wkxv/ wkh iudfwlrq ri lrqv wudqvplwwhg wkurxjk wkh
wlowhg fdsloodu| lv rewdlqhg dv i# @ f@31 Wkh ryhu0
ods f fdq eh ghwhuplqhg lq forvhg irup ^5<` |lhoglqj dq
h{suhvvlrq/ zklfk ghshqgv rqo| rq wkh qrupdol}hg txdq0
wlw| ( @ |p@g @ wdq#@ wdq!d1 Iru g  O rqh pd| vhw
(  #@!d> zklfk lv uhihuuhg wr dv wkh uhodwlyh wlow dqjoh1
Lq Ilj1 43+d, wkh h{dfw uhvxowv iru wudqvplwwhg lrq iudf0
wlrq i# lv vkrzq dv d ixqfwlrq ri uhodwlyh wlow dqjoh (1 Dv
h{shfwhg/ wkh hhfwlyh rshqlqj lv htxdo wr xqlw| iru lrq
lpsdfw dorqj wkh fdsloodu| d{lv dqg whqgv wr }hur zkhq
wkh wlow dqjoh dssurdfkhv wkh fdsloodu| dvshfw dqjoh +iru
($ 4,1 Lw lv qrwhg wkdw wkh wudqvplvvlrq gursv wr 425 dw
wkh uhodwlyh dqjoh ri ( @ 3171
Dv vkrzq suhylrxvo| ^5<`/ wkh h{dfw wudqvplvvlrq ixqf0
wlrq fdq eh dssur{lpdwhg e| wkh vlpsoh hpslulfdo h{suhv0
vlrq
i# @ +4 (," +;,
iru (  4 dqg i# @ 3 hovhzkhuh/ zkhuh " @ 4=6;1 Lq Ilj1
43+d, wkh dssur{lpdwh uhvxowv iurp Ht1 +;, duh vkrzq dv
d gdvkhg olqh1 Wkh wzr fxuyhv frlqflgh yhu| zhoo1
Qh{w/ zh dvvxph wkdw wkh lqflghqw ehdp lv devruehg
zlwklq wkh fdsloodu| gxh wr wkh glyhujhqfh ri wkh lrq
ehdp1 Lw lv fkdudfwhul}hg e| wkh glyhujhqfh dqjoh #g
dvvxplqj wkdw prvw ri wkh lrqv duh hplwwhg zlwklq 	 #g1
Khuh/ dq xqwlowhg fdsloodu| lv frqvlghuhg/ l1h1/ wkh fdslo0
odu| d{lv olhv lq wkh fhqwhu ri dq h{whqghg vrxufh duhd
jryhuqhg e| wkh ehdp gldphwhu + 416 pp,1 Vpdoo iudf0
wlrqv ri wkh lrq ehdp duh hplwwhg iurp ulqj hohphqwv zlwk
wkh duhd v @ 5 uu zkhuh u @ o wdq# ghwhuplqhv wkh
wlow dqjoh # +Ilj1 <,1 Dv deryh/ wkh uhodwlyh wlow dqjoh
(  #@!d lv xvhg1 Pruhryhu/ zh lqwurgxfh wkh uhodwlyh
glyhujhqfh dqjoh (g @ wdq#g@ wdq!d  #g@!d 1
Wkh iudfwlrq ig ri lrqv wudqvplwwhg e| d glyhujlqj
ehdp lv rewdlqhg e| lqwhjudwlrq ryhu wkh ulqj hohphqwv
ru/ htxlydohqwo|/ ryhu (
ig @
] 4
3
i# +(, mv+(g> (, ( g( +<,
zkhuh
U
mv(g( @ 41 Wkh xsshu olplw ri wkh lqwhjudwlrq lv
xqlw|/ vlqfh i#+(, @ 3 iru ( A 4 ^Ht1 +;,`1 Wkh wudqvplw0
whg lrq iudfwlrq ig lv hydoxdwhg qxphulfdoo| xvlqj erwk
44
ILJ1 43= H{dfw dqg dssur{lpdwh uhvxowv iru wkh wudqvplwwhg
lrq iudfwlrq uhsuhvhqwhg e| d vrolg dqg gdvkhg olqh/ uhvshf0
wlyho|1 Lq +d, wkh wudqvplwwhg lrq iudfwlrq lv jlyhq dv d ixqf0
wlrq ri wkh uhodwlyh wlow dqjoh ( dqg lq +e, wkh wudqvplwwhg lrq
iudfwlrq lv jlyhq dv d ixqfulrq ri wkh uhodwlyh glyhujhqfh dqjoh
(g1
d Jdxvvldq ixqfwlrq dqg d vwhs ixqfwlrq iru mv zlwk wkh
ixoo zlgwk zg @ 5#g/ zklfk |lhoghg vlplodu uhvxowv1 Wkh
qxphulfdo uhvxowv iurp wkh Jdxvvldq ixqfwlrq duh uhsuh0
vhqwhg e| wkh vrolg olqh lq Ilj1 43+e, sorwwhg dv d ixqfwlrq
ri wkh uhodwlyh glyhujhqfh dqjoh (g1
Wkh qxphulfdo uhvxowv fdq eh dssur{lpdwhg e| wkh h{0
suhvvlrq
ig @
6
7 +4 (g,
" . 47 +43,
iru (g  4 dqg ig @ 4@+7(5g, hovhzkhuh1 Djdlq/ " @ 4=6;1
Wkh uhvxowv iurp Ht1 +43, duh jlyhq dv d gdvkhg olqh
lq Ilj1 43+e,1 Wkh djuhhphqw ehwzhhq wkh ruljlqdo dqg
dssur{lpdwh h{suhvvlrqv lv yhu| jrrg1
Dv dq h{dpsoh/ iru wkh suhvhqw fdsloodu| h{shulphqwv
#g @ 	 3158 dqg !d @ dufwdq+3=347, @ 3=; vr wkdw (g @
31641 Iru wklv fdvh Ht1 +43, |lhogv d wudqvplvvlrq ri ig @
31: fruuhvsrqglqj wr 63( ri lrqv devruehg zlwklq wkh
fdsloodu|1 Wklv qxpehu lv lq dffrugdqfh zlwk wkh uhvxow
ri d suhylrxv vlpxodwlrq ^5<`1 Zh uhfdoo wkdw wklv ydoxh
iru ig zdv xvhg wr qrupdol}h wkh iudfwlrqv suhvhqwhg lq
Ilj1 81
Wr frpelqh wkh lrq wudqvplvvlrq e| wkh qrq0}hur wlow
dqg glyhujhqfh dqjoh zh vhw
iw  i# ig +44,
zklfk lv d uhdvrqdeoh dssur{lpdwlrq iru iw 1 41
